Honeybee (Apis mellifera L.) workers act as passive vectors of Paenibacillus larvae spores, which cause the quarantine disease American foulbrood (AFB). We assessed the relative proportions of P. larvae within the honeybee microbiome using metabarcoding analysis of the 16 S rRNA gene. The microbiome was analyzed in workers outside of the AFB zone (control -AFB0), in workers from asymptomatic colonies in an AFB apiary (AFB1), and in workers from colonies exhibiting clinical AFB symptoms (AFB2). The microbiome was processed for the entire community and for a cut-off microbiome comprising pathogenic/environmental bacteria following the removal of core bacterial sequences; varroosis levels were considered in the statistical analysis. No correlation was observed between AFB status and varroosis level, but AFB influenced the worker bee bacterial community, primarily the pathogenic/ environmental bacteria. There was no significant difference in the relative abundance of P. larvae between the AFB1 and AFB0 colonies, but we did observe a 9-fold increase in P. larvae abundance in AFB2 relative to the abundance in AFB1. The relative sequence numbers of Citrobacter freundii and Hafnia alvei were higher in AFB2 and AFB1 than in AFB0, whereas Enterococcus faecalis, Klebsiella oxytoca, Spiroplasma melliferum and Morganella morganii were more abundant in AFB0 and AFB1 than in AFB2.
In recent years, numerous techniques have been developed to detect the economically important pathogen P. larvae. As noted in the review by de Graaf et al. 10 , these microbiological and molecular methods are applicable to brood samples, food reserves (honey, pollen and royal jelly), adult workers, and wax debris (de Graaf et al. 2010 ). The spores of P. larvae have been recovered from beeswax 11 and detected in commercial pollen 12 . However, the list of reviewed techniques did not include high-throughput sequencing (HTS), which has become important for the study of honeybee and bumblebee microbiomes [13] [14] [15] [16] . HTS has also been utilized to study interactions between parasites and honeybee-associated bacteria 17, 18 . Currently, HTS is being used to investigate the bacterial community of honeybees in relation to European foulbrood 19 .
The microbiome of mature honeybee workers roughly consists of approximately 10 9 bacterial cells 13 , and the composition of the bacterial community is likely influenced by the pathogen load in a colony. In the case of P. larvae, even a tolerant honeybee colony typically does not exceed 2.5 × 10 5 spores per g of honey 5 . If such a concentration of spores is present in hive food stores, sequencing analysis of the adults feeding on the contaminated honey or using it to feed the brood will be successful, and moreover, the total microbiome will be influenced by the number of pathogen sequences. In this study, HTS was employed to compare the relative proportions of P. larvae in the microbiomes of honeybee workers obtained from colonies with and without clinical symptoms as well as control samples from outside of the AFB zone. Varroa destructor infestation was also investigated as a factor in our statistical analyses. Additionally, we performed an AFB microbiome analysis of pupae. The presence of pathogenic P. larvae detected in commonly investigated sample types is demonstrated from a novel perspective in this study and the impact of P. larvae on the whole microbial community structure is also assessed.
Results
Overall, the identified bacterial taxa formed 116 and 114 operational taxonomic units (OTUs) at 97% similarity in the worker (Table S1 ) and pupae (Table S2 ) samples, respectively. After omitting the pupae samples, the dataset for the total worker honeybee microbiome contained 1,222,779 sequences, ranging from 14,741 to 68,869 sequences per sample. The dataset of the environmental and parasitic bacteria (cut-off microbiome) comprised 78,387 sequences, which formed 92 OTUs, and the sequence numbers ranged from 104 to 16,381 per sample.
Differences in the worker honeybee microbiome by AFB category. Krona projections ( Fig. 1a-c) show differences in the cut-off microbiome structure among AFB0, AFB1 and AFB2; according to these illustrations, P. larvae comprised 3% in AFB0, 5% in AFB1 and 50% in AFB2. Although the number of P. larvae sequences differed little between AFB0 and AFB1 ( Fig. 1d ), the Krona projections indicate substantial differences in the cut-off microbiome structure. Figure 1d shows the number of P. larvae sequences in AFB0, AFB1 and AFB2; however, the statistical comparison was performed using the relative abundance of P. larvae (see OTU3 in Table 1 ).
As a factor, AFB was found to have no or only a marginal effect on the number of OTUs in the total parasitic/ environmental microbiome datasets; the inverse Simpson diversity index was not affected ( Table 2) . Redundancy (RDA) analyses, particularly the variance inflation factors (VIFs ; Table S3 ), which sometimes exceeded 1,000, suggested a strong multicollinearity among the environmental variables. Upon further investigation, this multicollinearity was attributable to geographic coordinates, dominated by longitude. Varroosis levels could be added to the models alongside AFB levels. Therefore, we employed partial db-RDA models in which only the coordinates and bee sample collection times were conditioned. When we evaluated all of the OTUs and the pathogenic OTUs separately, varroosis was only important for the former dataset at P < 0.001. Both RDA models were significant (F = 2.82, P < 0.001 and F = 2.36, P < 0.001), which was primarily attributable to the effect of AFB. Interestingly, unlike the case for all OTUs (for which the first two axes were significant; P < 0.01), only the first RDA axis was significant for pathogenic OTUs (P < 0.001). In particular, the triplot visualization for all OTUs suggested a positive correlation between P. larvae (OTU3) and the colonies exhibiting clinical signs of AFB (AFB2) ( Fig. 2 ), whereas the core bacteria Bifidobacterium asteroides (OTU8) and Lactobacillus mellis (OTU9), were negatively correlated with P. larvae (OTU3). Additionally, level 2 varroosis (varr2) was closely associated with AFB1 ( Fig. 2) . Upon constraining the analysis to pathogenic OTUs, the triplot pattern changed, although P. larvae (OTU3) remained correlated with AFB2. As shown in Fig. 3 , the direction of the varroosis level 2 vector (varr2) differed from that of the AFB1 vector. The OTUs that were positively correlated with varroosis level were Spiroplasma melliferum (OTU16) and Morganella morganii (OTU18), whereas Klebsiella pneumoniae (OTU49) was correlated with AFB1. As a factor, AFB did not influence the distribution of bacteria in the worker microbiome (total microbiome) according to the analysis of molecular variance (AMOVA; Fs = 1.291, P = 0.195), and the sample variability was not significantly different based on the homogeneity of molecular variance test (HOMOVA; Bv = 0.460, P = 0.093). In contrast, the dataset for environmental and parasitic bacteria was significantly influenced by AFB according to the AMOVA (Fs = 4.466, P < 0.001). The Bonferroni-corrected values revealed significant differences (P ≤ 0.05) among all AFB-derived samples. There were no differences in sample variability according to the HOMOVA test (Bv = 0.569, P = 0.311).
METASTATS analyses confirmed the significant influence of AFB on the relative number of P. larvae (see OTU3 in Table 1 ) in the pathogenic/environmental dataset. Higher relative abundances of P. larvae were found in AFB2 colonies than in AFB1 and AFB0 colonies; there was no difference between AFB1 and AFB0. However, the AFB1 colonies did not differ significantly from control apiaries outside the zone (AFB0) in the relative number of P. larvae (see OTU3 in Table 1 ). The bacterial taxa with significantly higher relative abundances in AFB2 and AFB1 than in AFB0 were Citrobacter freundii (OTU28) and Hafnia alvei (OTU40). Enterococcus faecalis (OTU11), Klebsiella oxytoca (OTU128), Morganella morganii (OTU18) and Spiroplasma melliferum (OTU16) had higher relative abundances in AFB0 and AFB1 than in AFB2. Finally, K. pneumoniae (OTU49) and Melissococcus plutonius (OTU52) were present in greater numbers in AFB1 than in AFB0 and AFB2. Table 1 . METASTATS analysis results of the relative abundance of the environmental/pathogenic bacteria (cutoff microbiome). Samples of honeybee colonies with (AFB2) and without (AFB1) clinical symptoms from AFB apiaries and control (AFB0) samples outside the AFB zone were compared. Statistical differences are indicated by letters and marked in gray. Significant differences are indicated by P-values (α < 0.05) and are marked in bold.
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Honeybee pupae. The taxonomic compositions of pupae were visualized in the KRONA projections (see Figure S1 ), which show the proportions of bacteria in the investigated samples. The bacterial community of the pupae obtained from AFB2 was primarily formed by one eudominant OTU (Table S2 ). Paenibacillus larvae (OTU3) was present in the pupae of AFB2, whereas the following taxa were detected in AFB1 pupae: core bacteria Lactobacillus apis (OTU2), Gilliamella apicola (OTU5), Snodgrasella alvi (OTU7), and Frischella perrara (OTU15). Enterococcus faecalis (OTU11) was prevalent in the sampled pupae from the control (AFB0) honeybee colonies.
Discussion
In this study, we analyzed the occurrence of P. larvae in AFB-affected apiaries, including colonies exhibiting clinical signs, and in asymptomatic colonies, by employing a HTS approach and comparing the obtained data with those from control samples. Our samples consisted of worker honeybees, which are suitable for AFB diagnostics 6, 20, 21 and facilitate both horizontal and vertical bacterial transmission 22 . Based on our results, in addition to commonly used microbiological techniques and molecular methods, such as PCR, qPCR and potential proteomics approaches 10 , HTS is useful for detection of P. larvae in honeybee samples. The great advantage of HTS is its ability to identify not only the bacterial pathogen P. larvae but also other bacteria, including both symbiotic and pathogenic/environmental bacteria, enabling us to demonstrate that AFB can influence the honeybee worker microbiome composition. The results of this study provide insight into the transmission of P. larvae and AFB disease development at the microbiome level. Due to the presence of P. larvae in control samples, we believe that P. larvae survives in honeybee colonies in an enzootic state 23 . Additionally, we visualized differences in the microbiome of pupae in terms of AFB occurrence in colonies using KRONA projections. Table 2 . Comparison of alpha-diversity parameters in the honeybee microbiome for both the total microbiome and the microbiome formed by environmental/pathogenic bacteria (cut-off microbiome). Samples from AFB apiaries with (AFB2) and without (AFB1) clinical symptoms and control (AFB0) samples outside the AFB zone were compared. Legend: nseq-total number of sequences; sobs -number of OTUs; invsimpson -inverse Simpson diversity index. A correlation triplot containing sample scores given by the weighted sums of OTUs was constructed. The first two axes explained 25% of the total variability in the dataset as indicated by the bracketed percentage.
Explanation of P. larvae quantitation. The number of spores per adult honeybee depends on the presence or absence of clinical symptoms 21 . According to Gende et al. 21 , approximately 3,000 P. larvae spores per adult bee may represent the threshold for the appearance of clinical AFB symptoms, and the same authors observed at least a 2-fold reduction in the number of spores in bees from colonies without clinical symptoms relative to the number in bees from colonies with AFB symptoms 21 . Our investigation of the worker honeybee microbiome using HTS revealed approximately 9-fold greater numbers of P. larvae in workers from colonies with clinical symptoms compared with the numbers in workers from colonies that were asymptomatic but located at an AFB-diseased site (OTU3 in Table 1 ). In contrast, there was only a slight, statistically non-significant increase in P. larvae abundance in asymptomatic colonies compared with the abundance in colonies used as controls outside the protective zone. Differences in the proportion of P. larvae within the microbiome correlated well with KRONA projections depicting the microbiome composition after the removal of symbiotic bacteria (Fig. 1a-c) .
In summary, following the extraction of parasitic/environmental bacteria, the worker bee microbiome was notably influenced by P. larvae in bee colonies that exhibited clinical signs of AFB. These results are important for the interpretation and presentation of HTS data for pathogens of relatively low abundance, and this situation is specific to cases in which the pathogenic agent does not cause disease and is only transmitted by the host. Specifically, worker bees act only as vectors because P. larvae do not germinate in the adult gut 24 . Honeybee workers are known to drift between colonies, but they also rob weak and collapsing colonies 25, 26 . Robbing honey contaminated with P. larvae spores is an important factor in AFB transmission; larvae in the thief colony can be infected by feeding on stolen honey 5, 27 . According to Gillard et al. 7 , who utilized cultivation techniques, spores were detectable in relatively high numbers (greater than 25%) in asymptomatic colonies located in AFB apiaries 7 .
Because some spores remain active in the honeybee gut for more than 2 months, honeybees are able to spread bacteria to other members of a colony over a long period of time, allowing increased infection to occur 5 . Thus, even a slight increase in the number of spores in a colony, which we observed for AFB-asymptomatic colonies, is critical for AFB development. However, AFB development is related to pathogen resistance levels in a particular colony; thus, in some colonies, more spores are needed to initiate the clinical signs of AFB 5 .
The presence of P. larvae in control samples indicates an enzootic state. One of our important findings is the presence of low numbers of sequences in control samples obtained outside the AFB zone. This result is supported by HTS analyses in other experiments (unpublished data) unrelated to AFB; in some colonies, we identified reads corresponding to P. larvae, whereas in others, no reads corresponding to P. larvae were identified. The enzootic occurrence of P. larvae has previously been suggested 23 . The recent analysis of a large spectrum of molecular markers suggested that certain endemic populations of P. larvae may adapt to the local honeybee population 28 . In this context, there is risk for AFB development due to the exchange of genetic honeybee material among colonies of unknown origin. According to Hansen and Rasmussen 29 , 11% of honey is contaminated with P. larvae, and importantly, of the honey samples investigated in their study, 9% were obtained from colonies lacking any signs of AFB symptoms in the same year or the following year 29 . A study examining the prevalence of three pathogens in Spanish apiaries using multiplex PCR detected P. larvae in 1.5 to 4.2% of transverse study (samples differing between seasons and over 2 years) 8 . These results reveal the spatial enzootic occurrence of the pathogen, which can occasionally overcome the resilience of colonies and result in outbreaks. Apicultural practices are key for controlling the spread of pathogens such as P. larvae, with consideration for possible swarming 22 . An experienced beekeeper is able recognize honeybee colonies that are threatened and prevent future damage stemming from the weakened colony, which is more susceptible to disease, including infection by P. larvae. Moreover, an experienced beekeeper can prevent swarming, which represents a risk for uncontrolled pathogen spread. Swarms of unknown origin are particularly dangerous in areas with high concentrations of honeybee colonies.
The influence of P. larvae on other bacteria and the lack of an association between AFB status
and Varroa occurrence. Paenibacillus larvae is suggested to be inactive in honeybee workers 24 and is therefore not expected to have any direct effects on the bacterial community in the gut. The results of the AMOVA of the entire dataset are consistent with this expectation. However, we observed some effects on the microbiome when we performed RDA analysis (Fig. 2) . Although we included varroosis as a factor in our analyses, the presence of Varroa in colonies did not have an additive effect on the microbiome in combination with P. larvae. This result corresponds to the experimental results of Alippi et al. 30 , who found that Varroa is not a vector for P. larvae 30 . In bumblebees, defense against different pathogenic agents involves the participation of the bacterial community, which varies with infection [14] [15] [16] . Moreover, the honeybee microbiome changes under the pressure exerted by harmful parasites 17, 18 . Therefore, the apparent lack of a connection between Varroa occurrence and AFB in the present study was unexpected. Interestingly, we identified C. freundii and H. alvei as synergic bacterial taxa to P. larvae in our study, whereas E. faecalis, K. oxytoca, S. melliferum and M. morganii were antagonistic within the community of pathogenic/ environmental bacteria (Table 1 ). These findings raise the question of whether C. freundii and H. alvei are secondary bacterial invaders associated with AFB. Although little information is available regarding these bacteria, some authors have suggested that C. freundii and H. alvei are pathogenic to honeybees 31 . Hafnia alvei has also been sporadically described in the honeybee gut and is suggested to be an opportunistic pathogen that potentially interacts with other bacteria 32 . The correlations observed with P. larvae based on RDA analysis suggest that these bacteria occur in colonies that are weakened by AFB disease. The fact that K. pneumoniae and M. plutonius were more abundant in workers from asymptomatic colonies than in either control bees or colonies with AFB symptoms implies an association of these bacteria with the initial stage of AFB development in the colony. The decrease in E. faecalis, K. oxytoca, S. melliferum and M. morganii populations with the increase in P. larvae suggests possible negative influences of the pathogen on these bacteria. The negative correlations of the core bacteria B. asteroides and L. mellis with P. larvae (OTUs 8 and 9 in Fig. 2 ) similarly suggest negative influences of the pathogen. Because many active mechanisms by which bacteria influence other microbes have been described 33 , studies on these interactions remain a challenge for future work. It is possible that some metabolites of P. larvae influence the abundance of different bacteria in the honeybee colony. Paenibacillus larvae has been shown to produce siderophores 34 , which represents an important example of a competitive mechanism that involves a cooperative behavior 33 .
Finally, our results demonstrate the influence of AFB on the composition of the honeybee pupa microbiome. Our data obtained from pupae are preliminary, and more detailed examinations are warranted. The results suggest the prevalence of L. apis, G. apicola, S. alvi, and F. perrara in asymptomatic colonies in AFB-diseased apiaries, whereas in the asymptomatic, control colonies only E. faecalis was present. In the future, it will be of interest to study the underlying mechanism of this influence to explain these differences in bacterial presence and determine whether these findings are generally valid. It is not surprising that colonies with clinical signs of AFB were dominated by P. larvae, and in cases where pupae survive to adulthood, these individuals should be considered vectors of P. larvae in their colony.
Methodological note -the cut-off microbiome. In this study, within the total microbiome, NGS was not an appropriate method to evaluate P. larvae in honeybee workers, but it was applicable for the analysis of the cut-off microbiome after the dominant core bacteria were reduced. This is because the sequences of symbiotic bacteria overlap with "rare" sequences of P. larvae. To enable data evaluation, we eliminated the core symbiotic bacteria from the microbiome; i.e., the sequences of core symbiotic bacteria were omitted from further analyses 15, 16 . Then, the pathogenic bacterium P. larvae was found to be prevalent in the bacterial community consisting of environmental/parasitic bacteria (Fig. 1 ). According to RDA analysis, P. larvae OTUs within the cut-off microbiome together with the presence of varroosis explained much of the variability in the bacterial microbiome and changes in the relative proportion of P. larvae, which were identifiable in both datasets (the total bacterial community and the community of pathogenic/environmental bacteria) (Figs 2 and 3 ).
Materials and Methods
Apiaries and sampling. Apiaries were selected according to their presence in the AFB zones denoted by the State Veterinary Administration of the Czech Republic; note that an AFB zone in Czechia is defined as a 5-km flight radius surrounding a diseased apiary. For the samples, we coded AFB as follows: (i) AFB0 (control): bees from outside the AFB zone with no signs of AFB; (ii) AFB1: bees from asymptomatic colonies within AFB apiaries; and (iii) AFB2: bees from colonies exhibiting clinical AFB symptoms. See Table 3 for a description of colonies, apiaries, sampling dates, AFB infestations and varroosis levels. After sampling, colonies exhibiting AFB symptoms in AFB apiaries were burned according to the regulations of Czechia; therefore, subsequent sample collection was impossible. Samples of the European honeybee, A. mellifera carnica, were collected from brood combs into polypropylene bags. Samples from each colony comprised three biological replicates of 10 worker bees, and we also sampled 10 pupae (purple eyes) from each colony where available. Varroa infestation levels were described according to Hubert et al. 18 based on mites falling onto the bottom boards of a colony following treatment. The colonies were classified into three categories of varroosis infestation: level 1, 0-50 mites (low Varroa infestation; VDI1); level 2, 51-100 mites (moderate Varroa infestation; VDI2), and level 3, 101 or more mites (high Varroa infestation; VDI3). High-throughput sequencing (HTS). The quality and presence of bacterial DNA in each sample was tested by performing PCR amplification using eubacterial primers, AFB primers and routinely used protocols 35, 36 . When amplicons were not obtained, the samples were replaced with new samples that were positive for amplicons. The DNA samples were sent to MR DNA for sequencing (http://mrdnalab.com, Shallowater, TX, USA). Sequencing of the V1-V3 portion of the 16 S rRNA gene was based on the 27Fmod and 519Rmod universal eubacterial primers on the Illumina MiSeq platform and the bTEFAP ® process 37 . Read lengths were 300 bp, and forward and reverse reads were obtained. Sequences were processed as previously described 18 41 . Then, the representative sequences were processed using the BLASTn program on the NCBI platform (https://blast.ncbi.nlm.nih.gov/) 42 , and OTUs similar to chloroplasts and Archaea were removed. The best search hits were chosen based on the highest bit scores. Abundance data were then reincorporated into the dataset by mapping the initial sequences against the representative OTUs. The data were deposited in GenBank as SRA project no. SRP093442, and a list of samples is provided in Table S4 . The taxonomic features of the samples were visualized by performing KRONA projections 43 , and abundance data were transformed into a shared file and processed in MOTHUR.
Data analyses.
Based on the NCBI and RDP matches, we identified honeybee symbionts and pathogenic/ environmental bacteria 44 and constructed a shared file for all OTUs and a separate shared file for pathogenic/ environmental OTUs according to the analyses of Cariveau et al. 15, 16 . The OTU classifications are presented in Tables S1 and S2. Both shared files were standardized by subsampling for a minimal number of sequences in sample, i.e., 14,741 sequences for all bacteria and 104 sequences for pathogenic/environmental bacteria in MOTHUR. Alpha diversity was assessed by calculating the inverse Simpson index and the number of OTUs, and the effects of the factor AFB status were tested by performing the nonparametric Kruskal-Wallis test using XLSTAT software (http://www.xlstat.com/en/, Addinsoft, New York, NY, USA).
Beta diversity was studied by performing distance-based RDA (db-RDA), sometimes called the constrained analysis of principal coordinates. A Bray-Curtis dissimilarity matrix was used as the basis for this examination 45 . The main purpose was to determine if the factor of AFB zone substantially influenced only the pathogenic OTUs or all of the OTUs. Therefore, as with the AMOVA and HOMOVA analyses, two distinct OTU subsamples were used separately. In addition to the effects of AFB status, the effects of Varroa infestation level (factor with three levels) ( Table 3) were explored. During the construction of db-RDA models, covariates such as geographic coordinates (longitude and latitude) and the time of bee sample collection were included, and VIF values 46 were controlled for when adding environmental explanatory variables to the models. Moreover, the decision to include variables in the models was supported by the forward selection implemented in the "packfor" R package 47 or permutational ANOVA-like tests performed with the same statistical package, the "vegan" R package 48 , with which the db-RDA models themselves were constructed. The partial db-RDA models were of particular interest in that they suppressed the potential risk of multicollinearity when regressing the response variables on the matrix composed of environmental variables. Additionally, the significance of canonical axes, the result of the PCA stage of the RDA, was determined by means of the permutational tests regardless of the proportion of variability that they explained. Regardless of their significance, the first two axes formed the basis of the correlation triplots in which site (sample) scores were expressed as the weighted sums of species given the dissimilarity matrix. Population-level analyses were carried out by comparing AFB zones and microbiomes for both the total bacteria and pathogenic/environmental bacteria datasets with METASTATS 49 using 100,000 permutations in MOTHUR. To allow the results to be visualized more clearly, we have multiplied the vectors of the environmental variables AFB and varr2 2-fold and the OTU vectors 4-fold in the triplot visualizations presented in Figs 2 and 3.
